Objectives. To determine the carbon footprint of various sustainability interventions used for laparoscopic hysterectomy.
A ctivities in the health care sector emit 10% of the United States' total greenhouse gases (GHGs), 1,2 thus adversely affecting human health. Yet environmental sustainability in the health care sector remains understudied. [3] [4] [5] [6] [7] [8] Previous research identifies the operating room (OR) as a major source of spending and waste generation in a medical facility, [9] [10] [11] accounting for 650 to 1200 kilograms of medical waste per day and more than 3 million kilograms of GHG emissions per hospital annually. 12 We examined the efficacy of interventions designed to reduce GHG emissions in the OR for 1 of the most common major surgeries for women, laparoscopic hysterectomy. More than one third of American women undergo a hysterectomy by aged 60 years. 13 Minimally invasive laparoscopic surgeries are increasing in use worldwide, and laparoscopic techniques are commonly employed in thoracic and orthopedic procedures. Using the baseline emissions from our 2014 study of hysterectomy, 11 we calculated the GHGs of interventions for laparoscopic hysterectomy to determine high-value methods to reduce GHGs in the OR.
Climate change will have serious repercussions on public health without significant leadership and action. Considering the footprint of health care in the United States, the medical field requires more data and quantitative guidance on implementation strategies. 2, [14] [15] [16] [17] [18] Organizations that support sustainability awareness and action in health care facilities present members with an array of greening strategies, ranging from increasing recycling rates, using less water and energy, and increasing single-use device (SUD) reprocessing (whereby SUDs are cleaned and sterilized by a third-party processor and reused in the OR). The relative quantitative effects of these strategies are unknown, and for resource-constrained health care facilities, achieving their GHG and climate-related goals requires targeting the most efficacious strategies. Some studies have begun to evaluate the environmental footprint of the materials and energy used in surgery and the OR, 5, 8, [19] [20] [21] [22] but few, if any, have determined which sustainability interventions have the largest impact on the surgery's carbon footprint. Our goals were to identify and model the impact of sustainability interventions in the OR for laparoscopic hysterectomy. We used data from a previous scope 3, hybrid life cycle assessment environmental impact study of hysterectomy at Magee-Womens Hospital of the University of Pittsburgh Medical Center (UPMC).
11 Magee performs about 1600 hysterectomies annually, more than half of which are done laparoscopically.
METHODS
We calculated the baseline emissions for laparoscopic hysterectomy from an average of 17 procedures performed at Magee-Womens Hospital of UPMC between July and September 2011, as reported in Thiel et al. 11 The average duration of these cases was 170 minutes total and 150 minutes for anesthetic use, according to the surgical records.
We identified environmental interventions from the 3 categories that produced the largest proportion of GHG emissions, as determined in our previous work and shown in Table 1 : anesthesia; surgical materials and equipment; and energy for heating, ventilation, and air conditioning. Some of these interventions align with popular "Greening the OR" guidance from Practice Greenhealth, a membership-based organization focused on greening health care facilities. 27 Each intervention category contains a combination approach: combining multiple interventions from that category. We additionally created an optimized or ideal intervention strategy, combining effective interventions from all 3 categories.
We calculated the life cycle GHGs, or carbon footprint, of these interventions using the same hybrid life cycle assessment framework from our 2014 study, including obtaining data from Economic Input Output Life Cycle Assessment, 28 the Ecoinvent life cycle inventory database, 29 SimaPro PhD 7.3.3 by Pré Consultants, 30 and the impact assessment method TRACI 2.1 from the US Environmental Protection Agency. 11, 31 The results in Table 1 are median values, reported with and without anesthetics included. We did this because the anesthesiologist's preference determines which anesthetic will be used and the anesthetic is selected independent of the type of hysterectomy performed.
Anesthetics
Previous literature identifies nitrous oxide (N 2 O) and inhaled anesthetics as significant heat-trapping gases. 23, 32 Anesthesiologists can select from a range of anesthetic types for a specific laparoscopic procedure, enabling GHG reductions without compromising quality of care. Sevoflurane, with 130 times the heat-trapping potential of carbon dioxide (CO 2 ) on a 100-year time scale, is environmentally preferable to desflurane, which is 2500 times more potent than is CO 2 . N 2 O, at 310 times the heat-trapping potential of CO 2 , is used as a carrier gas in conjunction with the use of either sevoflurane or desflurane although it can be safely excluded from surgery. 28 Propofol is an injectable anesthetic with limited GHG emissions, with impacts mainly from its production and delivery, and is sometimes used as the primary anesthetic for hysterectomy. Our baseline calculation is an average of the combination of anesthetic approaches used in each of the 17 laparoscopic hysterectomies from the original study (shown in Table 2 ). To model anesthetic interventions, we assumed an average anesthetic duration of 150 minutes and calculated the average GHGs resulting from the use of desflurane alone (intervention A1), desflurane with N 2 O (A2), sevoflurane with N 2 O (A3), and sevoflurane alone (A4). It should be noted that N 2 O, in these cases, was used only for an average of 16 minutes during the 150-minute surgery. We also modeled the GHG emissions from the replacement of all inhaled anesthetics with propofol (A5), although in the original study, propofol was used only during vaginal hysterectomy.
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Surgical Materials
Interventions for surgical materials include (M1) maximizing recycling, (M2) maximizing regulated medical waste, (M3) reusing cotton OR towels, (M4) switching to reusable gowns and drapes, (M5) maximizing use of SUD reprocessing by third-party reprocessor, (M6) using the bare essentials of surgical materials, and (M7) a combination of these material approaches.
We identified recycling potential (M1) in the initial study; these include spunbondmeltblown-spunbond plastics (drapes and gowns), hard plastic basins, metals and glass from pharmaceutical vials, and paperboard or paper used in packaging. 11 At the time of the original study, UPMC was sorting most of their surgical waste away from red bag or hazardous waste. At UPMC, nonhazardous, or white bag, waste is sent to a sanitary landfill, and regulated medical waste is autoclaved before landfilling, adding extra treatment and emissions to the end-of-life scenario. We created the maximizing regulated medical waste intervention (M2) to determine the effect of this regulated medical waste diversion policy relative to disposing of surgical waste completely via the red bag treatment path. We obtained these GHG estimates from the Economic Input Output Life Cycle Assessment database, which estimates the emissions on the basis of the price, in this case $0.21 per pound of regulated medical waste.
We assumed cotton towels (M3) to have a 10-use life span, and we assumed third-party linen laundering to be the sterilization pathway. Although life spans may be shorter or longer, this was the life span hospital staff estimated. Our estimates of energy and detergent use were from the original study.
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Reusable gowns and laparotomy drapes (M4) have an estimated life span of 75 uses and are sterilized between cases with laundering, drying, and autoclaving cycles, per manufacturer recommendations. In our estimates of emissions, we assumed that the sterilization process is conducted in-house (therefore, there are no off-site transportation emissions).
We identified reprocessable SUDs (M5) as the surgical instruments UPMC's current third-party reprocessor can accept. These include endoshears (Medtronic, North Haven, CT), Carter-Thomason CloseSure System (Medline, Mundelein, IL), Versa-Port plus v2, 5 to 12 millimeter (Medtronic), LigaSure blunt tip laparoscopic sealer-divider 5 millimeter blunt tip laparoscopic sealer (Medtronic), LigaSure (Medtronic), and LigaSure Vessel Sealing 5 millimeter (Medtronic). We estimated emissions from reprocessing using values from previous literature. 24 A panel of 3 practicing gynecologists at UPMC determined a list of the bare essentials of surgery (M6); these include a uterine manipulator, a monopolar shears, a vessel sealer, a grasper, laparoscopic suturing equipment, suture, ports, and an insufflator. We calculated the environmental impacts from these single-use instruments using their purchase prices and the Economic Input Output Life Cycle Assessment database. 11 We assumed these supplies were single-use disposables (although reusable supplies do exist for some of these items) and that the original disposable custom pack (with single-use surgical supplies for laparoscopic hysterectomy) was still in use. Our gynecologist panel reported using this minimal supply set in at least one third of their laparoscopic cases. 
Energy
The final category of interventions focused on energy use, specifically heating, ventilation, and air-conditioning systems, including (E1) installing occupancy sensors to minimize electricity and energy use during nonoperative or low-use times, 25, 33, 34 (E2) switching to a low-carbon electricity source, and (E3) a combination of these 2 features. From the 17 cases surveyed in the original study, we estimated the average duration of a laparoscopic hysterectomy at 170 minutes, with 8 kilowatt-hours of electricity use from OR equipment and machines, 0.5 kilowatt-hours from lighting, and 37 kilowatt-hours from the heating, ventilation, and air-conditioning system. This heating, ventilation, and air-conditioning system also uses natural gas, averaging 2.2 cubic meters of gas per average case.
Low-use periods (E1) for the ORs include nights (estimated at 8 hours) and weekends (56 hours) for a total of 96 hours per week (56% of the week) in energy-saving mode. The American Society of Heating, Refrigerating and Air-Conditioning Engineers advocates this approach to cooling off during OR low-use periods. 25 UPMC uses the Pennsylvania power generation mix, which at the time of the 2014 study was 73% coal based. The electrical power mix we have proposed (available through PG&E Corp Energy Company, San Francisco, CA; E2) is 0.00% coal, 2.20% oil, 35.70% nuclear, and 62.10% hydro, with GHGs averaging 0.02 kilograms CO 2 per kilowatt-hour. 26 
RESULTS
Anesthetic interventions alone can result in significant GHG reductions, with the removal of desflurane (and replacement with a lower GHG option, such as sevoflurane) reducing GHGs by more than 25% per laparoscopic case (Table 1) . N 2 O, another potent greenhouse gas, is used as an anesthetic carrier gas in certain medical procedures. Removing this from Magee's laparoscopic cases yielded only 1% GHG reduction per case, but N 2 O was used in only 60% of laparoscopic hysterectomies, and then only in small quantities averaging 0.01 kilograms N 2 O per case. Other procedures may use larger quantities of N 2 O and could see larger GHG savings. Switching to propofol, Occupancy sensors in the OR (to reduce air turnover when not in use) reduced the electricity use by one third over the course of a year per OR, offering the potential for medical facilities to cut both costs and GHG emissions. This savings is not well reflected by allocating that annual savings to an individual case solely on the basis of the case's duration, as shown in Table 1 . Switching to renewable energy sources reduces GHGs about 10% per hysterectomy and similarly offers larger savings across broader hospital activities (Figure 1 ).
DISCUSSION
Our results suggest that common greening efforts, such as recycling, do not have a significant quantitative impact on the overall emissions of a single procedure. To more effectively reduce carbon emissions in the OR, medical personnel and administrators should focus on minimizing overall material use in each surgery, reusing or reprocessing surgical instruments, and removing heattrapping desflurane from the formulary. Better than implementing 1 strategy in isolation, we found a combination of approaches to yield significant reductions in GHG emissions per case.
Our case hospital, Magee-Womens Hospital of UPMC, performs 1600 hysterectomies annually and releases about 840 metric tons of carbon dioxide equivalents (CO 2 -e) in the process, or the equivalent of 90 American homes' energy use (electricity and gas consumption) for the year. 35 Half of Magee's hysterectomies (about 840) are performed laparoscopically, releasing about 470 tons of CO 2 -e yearly. By substituting sevoflurane for desflurane in their laparoscopic hysterectomy cases, Magee would reduce their annual GHG emissions by about 127 tons of CO 2 -e. Increasing recycling, diverting from regulated medical waste treatment, and reusing linens or gowns in their laparoscopic cases would each save Magee 5 to 10 tons of CO 2 -e per year, whereas reprocessing SUDs reduces CO 2 -e by 40 tons, and minimizing overall material use reduces CO 2 -e by 215 tons. Using a lowcarbon electricity grid mix in all their hysterectomy cases would reduce the per case footprint by 30 tons of CO 2 -e but has implications for the OR throughout the year. If Magee performed all laparoscopic hysterectomies via the ideal, green intervention we have specified, they would reduce their annual GHG emissions from hysterectomy by 390 tons of CO 2 -e, or 47%. This is equivalent to removing 84 passenger vehicles from the road annually.
The United States performs approximately 500 000 hysterectomies annually, nearly 30% of which are conducted laparoscopically. Assuming that other facilities use energy and materials as Magee does for their hysterectomy, national emissions for hysterectomy could be reduced from 213 kilotons of CO 2 -e to 141 kilotons of CO 2 -e using the ideal, green intervention for laparoscopic cases. This 72 kilotons of CO 2 -e annual reduction in GHGs is the equivalent of removing about 15 200 passenger vehicles from the road annually. 35 Our study shows that there is no "magic pill" to reduce carbon footprint in the OR; however, a combination of available approaches can be used with promising results. Most OR sustainability initiatives currently focus on waste reduction and recycling, yet reducing carbon footprint may rely more on unseen factors such as anesthetic gas choice and the reuse or SUD reprocessing of surgical instruments. Many of the approaches we have described may also be employed more broadly to all ORs, and some of the interventions are specific to laparoscopic hysterectomy. Because of the potential carbon savings from laparoscopic hysterectomy alone, it would be beneficial to analyze the base emissions and effects of interventions for common procedures in other medical disciplines.
Limitations
Study limitations include the inherent uncertainty of life cycle assessment and the limited or lack of life cycle data specifically for medicine and health care. The area that appears to present the most carbon savings (surgical instruments) also has the least publicly available data in emissions inventories. This dearth of information needs to be addressed to more clearly understand the best approach for minimizing health care-related emissions. We calculated the GHGs derived from 1 study location; although it is expected that laparoscopic hysterectomies are performed similarly across the United States, differences between facilities may exist and could result in different percentages of savings in carbon footprint when enacted. 12 We included only the effects of drugs inhaled by the patients, but other pharmaceuticals may also affect the GHG footprint of laparoscopic surgery.
Additionally, the list of proposed interventions is not exhaustive and does not include, for example, minimizing leaks or poor flow rate in anesthetic delivery, installing anesthetic gas-capturing devices, reformulating the disposable custom pack of surgical supplies, switching to other reusable supplies such as hard plastic or stainless steel wash bins, utilizing reusable canisters for surgical instrument trays, or scheduling surgeries more efficiently to reduce OR idle time.
Serious actions need to occur now to reduce health care's impact on the global environment and human health. Although we focused solely on GHGs, the health care sector is shown to significantly contribute to other national pollution impacts, including acid rain, smog, and carcinogenic toxins. 2 Modifying procedures in the health care system poses many challenges, especially related to infection control, policy and regulatory restrictions, and risk of litigation; however, the interventions we have proposed demonstrate the best case scenario of GHG reduction in the OR using existing technologies and methods. Knowing which interventions significantly reduce the footprint of surgery puts us on the path to creating a quantitatively more environmentally sustainable health care system.
Public Health Implications
Climate change is considered a global public health crisis and opportunity. The US health care sector is responsible for a sizable percentage of the United States' total greenhouse gas emissions and other environmental pollutants. Health care professionals and organizations need to address their resource consumption through comprehensive assessment of sources of emissions and targeted intervention strategies. Considering the number of laparoscopic procedures conducted in the United States, the sustainability interventions we assessed could result in significant reductions of carbon footprint across the industry. 
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